In some serotypes of adenovirus (Ad), the penton base protein and attached trimeric (100%), followed by fiber-2 (80%) and penton (67%). The present study showed that FAdV-4 35 -Pt-Dd and recombinant fiber-1 are good FAdV-4 vaccine candidates and could be used to replace 36 the tissue-sourced inactivated FAdV-4 vaccine. 37
fiber assemble into dodecameric virus-like particles called penton-dodecahedron (Pt-Dd), which 20 can internalize into cells and can be used to deliver the vaccine antigen and drugs. Fowl 21 adenovirus serotype 4 (FAdV-4) is an important poultry pathogens and causing seriously economic 22 lost to poultry industry in China and several other counties. The produce of Pt-Dd in FAdV-4 23 infected cells as well as in those infected with the recombinant human Ad expressing fiber-1, 24 fiber-2, and penton base was determine by Transmission electron microscopy (TEM). For the First 25 time, we proved that FAdV-4 produced Pt-Dd in infected cells, which can also be assembled by 26 the overexpressed recombinant proteins fiber-1, fiber-2, and penton base. Pt-Dd, as well as the 27 recombinant proteins fiber-1, fiber-2, and penton base, were then used to immunize chickens. The 28 humoral immune response, cell mediate immune response (CMI), and challenge results were used 29 to evaluate the immune efficacy of the vaccine candidates. Pt-Dd induced the highest level of 30 enzyme-linked immunosorbent assay antibodies and high levels of CMI, showing a significantly 31 (p < 0.05) high level of interferonγ, interleukin-4, and major histocompatibility complex II 32 expressions in peripheral blood mononuclear cells at 48 h post-infection. The challenge results 33 showed that Pt-Dd, inactivated FAdV-4 vaccine, as well as fiber-1 induced the best protection 34 would have no DNA and adenovirus contamination as adenovirus could not package in 48 HEK-293T cells. 49
Introduction 50
Adenoviruses (Ad) are large, non-enveloped viruses with an icosahedral nucleocapsid containing a 51 double-stranded DNA genome of approximately 36 KD (1). They have a broad range of vertebrate 52 hosts and, in humans, more than 50 distinct adenoviral serotypes have been found to cause a wide 53 range of illnesses, from mild respiratory infections in children (known as the common cold) to 54 life-threatening multi-organ diseases in people with a weakened immune system (2). The capsid of 55 the Ad is composed of three major capsid proteins (hexon, penton base, and fiber) and four minor 56 capsid proteins (IIIa, VI, VIII, and IX; also known as cement proteins) (3). The pseudo-T=25 57 icosahedral capsid has 12 pentons, each with trimeric fiber proteins and 240 trimeric hexons (4). 58
In some serotypes of Ad, during their replication cycle in the infected cells the penton base 59 proteins and the attached trimeric fiber assemble into dodecameric virus-like particles called Ad 60 penton-dodecahedron (Pt-Dd) [14] . Both the penton base and trimeric fiber are responsible for Ad Ad15-infected cells (7-9). It can also be assembled spontaneously in the baculoviral system (6, 10) 63
and Escherichia coli (11) upon expression of the penton and fiber gene of Ad3. No such particles 64 have been found for Ad2 or Ad5 (12-14). This particle shows a remarkable cell penetration ability 65 with 200-300 thousand VLPs per cultured cell (15, 16); thus, it can be engineered to deliver 66 several millions of foreign cargo molecules into a single target cell (15) (16) (17) (18) . 67
Pt-Dd has been exploited to deliver antigen proteins (19, 20) the Pt-Dd/WW complex can be readily internalized by dendritic cells. Immunization with 72 WW-OVA/Pt-Dd induced OVA-specific CD8 + T cells immune response and robust humoral 73 responses in mice resulting in 90% protection against B16-OVA melanoma implantation in 74 syngeneic mice (20). Pt-Dd was also used to develop multivalent vaccination-carrying influenza 75 epitopes. With this platform, the immunodominant epitopes of the influenza M1 were properly 76 presented by human dendritic cells, thus triggering the efficient activation of antigen-specific T 77 cell responses and inducing cellular immunity in vivo in chickens (19) . 78
Fowl adenoviruses (FAdVs) are classified into five species (A-E) (22) and twelve serotypes 79 (FAdV 1-7, 8a, 8b, 9-11) (23). FAdV-4 is the etiology of the hydropericardium hepatitis syndrome 80 (HHS) that is characterized by hydropericardium, hepatitis, and nephritis (23-25). FAdV-4 is the 81 predominant serotype of FAdVs in southwestern China. As reported, about 86.4% (19/22) isolates 82
were FAdV-4 (26). FAdVs have been found to infect 2-to 5-week-old neonatal chicks (26), 83 causing a mortality of approximately 30% to 70% (27, 28). Inactivated vaccines (29-31), 84 attenuated live vaccines (32, 33), and recombinant vaccines have been used to control HHS and 85 these types of vaccines have been proven to be effective in protecting against FAdV infection. In a 86 previous study, scientists purified Pt-Dd produced by FAdV-8b via density gradient centrifugation, 87 which induced neutralizing antibodies and cytotoxic T-cell responses in breeders, as well as 88 successfully prevented clinical disease in progeny via maternal antibody transfer (34). FAdV-4 89 might also produce Pt-Dd during infection; therefore, the present study utilized the human Ad5 to 90 produce recombinant FAdV-4-Pt-Dd and used this as a vaccine to control the FAdV-4 infection. 91
Results 92

Construction of recombinant viruses 93
Shuttle vectors containing fiber-1, fiber-2, and penton base of FAdV-4 under the control of the 94 cytomegalovirus immediate early (CMV) promoter were constructed and verified by sequencing 95 (data not shown). By recombination with Ad backbone vector pAdEasy-1 in BJ5183 cells, 96 recombinant adenoviral plasmids, pAd-fiber-1, pAd-fiber-2, and pAd-penton base were obtained. 97
Then, the recombinant plasmids were linearized with endonuclease pac I and transfected into 98 HEK293A to generate recombinant Ad (rAd), rAd-f1 (expression fiber-1), rAd-f2 (expression 99 fiber-2), and rAd-p (expression penton base). After approximately 10 days incubation, the rAds 100 were successfully packaged with characteristic cytopathic effect into transfected cells, while the 101 mock-transfected cells (control samples) retained their singularity ( Fig. 1A) . 102
The obtained rAds, rAd-f1, rAd-f2, and rAd-p, were purified three times using the plaque-purified 103 method and titered in HEK293A cells. The titers of these three rAd were all 4.1 × 10 8 vp mL −1 . 104
The expressions of the proteins, fiber-1, fiber-2, and penton base with predicated sizes of 48.5, 105 53.8, and 58.8 kDa were confirmed by western blotting. As shown in Figure 1B , the protein bands 106 corresponding to fiber-1, fiber-2, and penton base are found in Line 2, 3, and 4, respectively, in 107 which the proteins derived from cells infected with rAd-f1, rAd-f2, and rAd-p were separated. 108 the Pt-Dds showed a similar highly ordered architecture of dodecahedrons. 117
To check whether Pt-Dd could also assemble by the expressed recombinant proteins, HEK293A 118 cells, as well as HEK293T cells, were infected with rAd-f1, rAd-f2, and/or rAd-p. Pt-Dds became 119 assembled and were observed in HEK293A cells and HEK293T cells co-infected with rAd-f1, 120 rAd-f2, and rAd-p ( Fig. 2B and 2C ). In addition, the Ad5 virions were found in infected 121 supernatants was approximately 50 µg/mL. 129
Internalization of FAdV-4 VLPs 130
To generate Pt-Dd without the influence of human Ad virions, rAd-f1 and rAd-f2 together with 131 rAd-p were used to infect HEK293T cells. Culture media were collected at 48 h post-infection. 132
The cell culture media from HEK293T cells infected with rAd-GFP were used as the control. 133
The internalization of Pt-Dds into HeLa cells was analyzed by observation under a confocal antibodies. Pt-Dd was observed to gather around cells as early as 10 min after inoculation (Fig. 3A ) 136 and the internalization was finished within 2 h as almost all the fluorescence was in the cells by 137 that time (Fig. 3E ). The internalization process was clearly related to the time of incubation ( Fig.  138 3). Each cell that had been incubated with the collected supernatant converged with thousands of 139 Pt-Dds. Fiber-1 alone and GFP could not be internalized into cells as they did by Pt-Dds (data not 140 shown). 141
Humoral and cellular immune responses against FAdV-4 following chicken vaccination 142
Chickens were immunized on day 7 with approximately 5 µg (0.1 mL) of recombinant proteins 143 obtained by transduction of HEK293T cells with the corresponding rAd and the challenged 144 chickens were administered with FAdV-4 on day 21. The chicken sera were collected on days 14, 145 21, and 35 post-immunization and were detected by enzyme-linked immunosorbent assay (ELISA) 146 with the mixed proteins (E. coli expressed fiber-1, fiber-2, and penton base; 0.2 µg each in one 147 well) as reported previously (35). The results showed that the antibodies reached a peak on day 28, 148
i.e. 7 days post-challenge and then decreased slightly. On day 21, the average antibody titers 149 (log10) in chickens immunized with Pt-Dd, fiber-1, fiber-2, penton, or inactive vaccine were 4.56 150 ± 0.67, 3.54 ± 0.20, 3.82 ± 0.21, 3.82 ± 0.21, and 3.82 ± 0.00, and the chickens immunized with 151
Pt-Dd gained significantly higher (p＜0.05) levels of antibodies than that of the other immunized 152 groups (Fig. 4D) . 153 Pt-Dd significantly increased the expressions of IFN-γ, IL-4, and MHC-II in PBMC ( Fig. 4 A, B , 159 C) compared with those given fiber-2 or penton base. Fiber-1 also induced high levels of IL-4 160 expression. 161
Challenge protection test 162
All chickens except those in the non-infection control group were challenged with 10 5.5 TCID 50 of 163
FAdV-4 SX15. The FAdV-4 SX15 challenge resulted in 73.3% (11/15) mortality in the challenge 164 control group. Immunization with Pt-Dd, fiber-1, fiber-2, penton base or inactivate vaccine 165 reduced the mortality from 73.3% to 0%, 0%, 20%, 33.3%, and 0%, respectively, and the 166 corresponding survival ratios were 26.7%, 100%, 80%, 67.7%, and 100%, respectively ( Fig. 5) . 167
Histology and immunohistochemistry 168
Histology and immunohistochemistry analyses were used to distinguish the micro-level 169 differences among the immunized groups because the proteins derived from the Ad provided 170 complete or almost complete protection to the chickens. The most serious micro lesions were 171 observed in the livers of chickens in the control group given GFP. The hepatic lobule structures 172 were completely missing. The hepatocyte tubes were arranged haphazardly with severe congestion 173 and inflammatory cell infiltration. Liver cells appeared necrotic with nuclear fragmentation. 174
Immunization with penton reduced the pathological changes mentioned above (Fig. 6 ). However, 175 the hepatic lobule structures were still not very clear and parts of the liver cells appeared necrotic 176 with nuclear fragmentation (Fig. 6) . Fiber-2 also did not protect liver microstructures well; however, the lesions were only slight and necrotic liver cells were even fewer ( Fig 6) . 178
Comparatively, Pt-Dd, fiber-1, and the inactive vaccine immune group provided better protection 179 against FAdV-4 infection based on observations of the pathological tissue slices. The hepatic 180 lobules had a clear structure and the hepatocyte tubes were arranged orderly and closely in the 181 livers from these groups. Meanwhile, ecchymosis in the hepatic lobules was observed in the livers 182 from both groups, and immunohistochemical analysis indicated that serious infection occurred in 183 chickens injected with GFP and penton. Fewer FAdV-4-positive signals were detected in the liver 184 sections of chickens from groups immunized with FAdV-4 VLPs and the inactive vaccine immune 185 group, although the difference was not significant among the VLP, fiber-1, fiber-2, and inactive 186 vaccine immune groups (Fig 7) . Dd is smaller and lacks several structural components of the Ad viral partial resulting in functional 217 and structural properties that are different from those of the virus capsid. For example, Dd is able 218 to attach to and penetrate cells via interaction with heparan sulfate, a pathway not used by the 219 virus of origin, Ad3(41, 42). Owing to its high endocytosis capacity, Pt-Dd has been investigated 220 extensively as an alternative vector for antigen protein(43, 44) or small molecule drugs(45). In the 221 present study, the characteristics of Pt-Dd from fAdV-4 were studied. By co-infection of 222 HEK293A or HEK293T cells with recombinant Ad5 expression fiber-1, fiber-2, and penton of 223 fAdV-4, Pt-Dd were properly packaged, and they could be efficiently internalized into human cells 224 ( Fig. 3 ) and chicken embryo fibroblast (data not shown). Because fAdV-4 is not from a human 225 source, there is less chance that related antibodies would be found in human; therefore, the fAdV-4 226 derived Pt-Dd could be a good drug delivery system for human disease therapy. 227
Ad3 Dds exhibit remarkable stability and can be stored for long periods at 4°C and even at room 228 temperature(46). Thawing and reconstitution with water after being frozen and lyophilized did not In the present study, fiber-1, but not fiber-2, provided relatively better protection to the FAdV-4 249 challenge. This result is different to our previous study and several other related studies, in which 250 fiber-2 induced better protection against FAdV-4 infection than fiber-1 (35, 48). These differences 251 might be related to the protein structure, with their actual structure shown in eukaryocytes, but not 252 in E. coli or other expression systems. Further studies are required for to reveal the reason behind 253 these differences. 
Viruses and cells 266
The human type 5 replication-defective Ad5 was purchased from TaKaRa (Dalian, China) and rAd 267 were propagated and titered in HEK-293A cells. All cells were grown in Dulbecco's modified 268
Eagle's medium (DMEM) and supplemented with 10% fetal bovine serum (FBS), 2 mM 269 L-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37°C in a humidified 270 atmosphere of 5% CO 2 . The fowl adenovirus strain SX15 was stored and propagated by our 271 laboratory. 272
Construction of rAds (rAd-f1, rAd-f2, and rAd-p) 273
The respective open reading frames of fiber-1, fiber-2, and penton base were amplified by 274 polymerase chain reaction (PCR) from viral DNA (FAdV-4 isolate SXD15, refer to KU569296.1) 275
using the primers listed in Table 1 . The PCR amplicons of fiber-1, fiber-2, and penton base were homologous recombination of linearized transfer vectors with pAdEasy-1 in E. coli BJ5183 and 278 confirmed by restriction enzyme digestion (New England Biolabs)(49). The rAds were generated 279 by transfection of 1 µg plasmids (PacI linearized) using 3 µL of Trans Fast TM Transfection 280 Reagent (Promega, Madison, USA). When 90% of the cells showed cytopathic effect, Ads were 281 released by three cycles of rapid freezing and thawing and stored at −80°C after the addition of 10% 282 glycerol. 283
Western blot 284
The cell lysates were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis 285 (SDS-PAGE) and transferred onto a nitrocellulose membrane (Pall Corporation). The 293A cells 286 infected with rAd-GFP were used as the negative control. The membrane was incubated overnight 287 in blocking solution (10% fat-free milk in phosphate buffer solution (PBS), PBS-M) at room 288 temperature and incubated with FAdV-4 fiber-1, fiber-2, and penton base specific mouse 289 antiserum for 2 h. The membrane was subsequently reacted for 1 h with goat anti-mouse IgG 290 conjugated with horseradish peroxidase (AS003) at a dilution of 1/2000 in PBS-M. Detection was 291 performed using chemiluminescence luminol reagents (Super Signal West PicoTrial Kit, Pierce). 292
Utilizing gray scan and comparison with the known concentration marker bands, the 293 concentrations of proteins were calculated based on the obtained gray value of the bands. 294
Observation Ad virion and Pt-Dd by electron microscopy 295
Virus samples were applied to the clean side of carbon on mica (carbon/mica interface) and 296 negatively stained with 1% sodium silicotungstate, pH 7.0. Micrographs were taken with a microscope (FEI, America) at 100 kV and a maximum magnification of 300,000. 299
Observation Pt-Dd internalization into cells by confocal microscopy 300
HeLa cells were grown overnight on glass coverslips (approximately 10 5 cell/cm 2 ) in DMEM 301 supplemented with 10% FBS at 37°C under 5% CO 2 atmosphere. Cells were incubated for 302 different periods with a 0.6 nM concentration of the FAdV-4 VLPs. After a given period of entry, 303 cells were washed with PBS, fixed, and permeabilized with cold methanol for 10 min. Cells were 304 then incubated with anti-fiber-1 mouse polyclonal serum at 1/200 in 50 µL 3% bull serum albumin 305 and subsequently detected in red by Cy3-conjugated goat anti-mouse antibody (BA1035, 306
Bosterbio, Wuhan) that was diluted 1/200 in the same buffer. Cell nuclei were counterstained in 307 purple with propidium iodide (5 µg/mL). Laser scanning confocal microscopy was performed on 308 an MRC600 (Andorra, England). 309
Immunization and challenge 310
Day-old Specific Pathogen Free chickens were randomly divided into 7 groups of 15. The 311 chickens in the first 5 groups received 0.5 µg of FAdV-4 Pt-Dd VLPs, fiber-1, fiber-2, penton base, 312 and inactivated vaccine of FAdV-4 (inactive vaccine) by intramuscular injection on days 7 and 14. 313
The other two groups received PBS. 314
At day 21, all chickens except those in the negative control group (PBS), were challenged with 315 10 5.5 TCID 50 of FAdV-4 SX15. Sera (n = 3 per group) were collected on days 14, 21, 28, and 35 to 316 determine serum antibodies. Additionally, blood was collected at 24 h post-challenge to measure 317 cell mediate immune response (CMI) related gene expression in PBMC. 318 Three surviving chickens from each group were randomly selected and euthanized by CO 2 320 asphyxiation at 6-days post-challenge. Liver samples were fixed in 10% neutral formalin for 52 h 321 at room temperature. After routine treatment, liver tissues were embedded in paraffin wax and cut 322 into 4 to 5 µm slices. For micro lesion observation, the slices were stained with hematoxylin and 323 eosin. In addition, immunohistochemical staining was conducted to detect viral antigens in the 324 livers. Briefly, slices were incubated with homemade mouse anti-FAdV poly antibody (diluted 325 1:200) for 1 h and then reacted with horseradish peroxidase-conjugated rabbit anti-mouse IgG 326 (Solarbio, Beijing, China) for 1 h. DAB (3,3-diaminobezidin) was used as the chromogenic 327 substrate. After counterstaining with hematoxylin and eosin, the slides were dehydrated and 328 mounted. Slides without the primary antibody were used as negative controls. 329
Enzyme-linked immunosorbent assay (ELISA) 330
ELISA plates (Guangzhou Jet Bio-Filtration Co., Ltd., China) were coated with 0.2 µg (each)/well 331 of mixed purified fiber-1, fiber-2, and penton (expressed in E. coli and stored by our laboratory). 332
Then, the plates were reacted with sera from chickens immunized with the corresponding proteins. 333
Commercial peroxidase-conjugated rabbit anti-chicken IgG (Sigma) was used as the secondary 334 antibody. Following incubation with tetra-methylbenzidine substrate (Tiangen Biotech (Beijing) 335
Co., ltd., China), the reaction was stopped with 0.5 M sulfuric acid and the optical density of each 336 well was measured at a wavelength of 450 nm. 337
Statistical analysis 338
One-way ANOVA, followed by a Tukey post-test, was performed for multiple comparisons. 537  538  539  540  541  542  543  544  545  546  547  548 
